Binary blend compatibility of polyacrylonitrile (PAN) and polyvinylpyrrolidone (PVP) was computationally simulated at both molecular and mesoscopic levels in order to provide theoretical support for preparing PAN porous nanofibers from PAN/PVP blends. In molecular simulation, Flory-Huggins interaction parameters were calculated to estimate the blend compatibility, in which PAN and PVP were found to be immiscible. This had been further validated by the mesoscopic simulation in terms of the free energy density，the order parameters, and the mesoscopic morphology. Aligned PAN porous nanofibers were prepared by selectively removing PVP from the PAN/PVP blend nanofibers which was prepared by Magnetic-field-assisted electrospinning (MFAES).
INTRODUCTION
 Porous electrospun fibers have great potential for practical applications in many fields such as energy [1 -4] , environment [5] and healthcare [6] . The remarkable advantage of porous nanofibers is the higher specific surface area, which makes them ideal candidates for filtration media [7, 8] , absorbents [9] , and catalyst supports [10, 11] . In the field of production of scaffolds for tissue engineering, porous surfaces have been demonstrated to favor cell attachment, cell proliferation and cell spreading on the scaffold [12, 13] .
There are two ways to prepare porous fibers [14] . One is through controlling electrospinning condition such as strong volatile solvent and a certain relative humidity or proper post-treatments. Another is achieved by electrospinning two immiscible components in a common solvent followed by selectively removing the phaseseparated component. Polyacrylonitrile (PAN) is an important polymer and widely used for filtration, adsorption and composite materials. Because of the strong intermolecular interaction of the chains, PAN can only dissolve in strong polar solvents. It is not easy to obtain porous structures simply by controlling electrospinning parameters for PAN, which can only dissolve in common polar solvents with high boiling points. In this study, we prepared PAN porous nanofibers by selectively removing polyvinylpyrrolidone (PVP) from PAN/PVP blend nanofibers.
This selective removal method is based on the premise that the blend of two polymers is immiscible. Various methods including viscosity measurement, differential scanning calorimetry (DSC), and Fourier transform infrared (FTIR) spectroscopy have been previously used to explore the compatibility between two polymers [15, 16] . The experimental protocols are time-consuming and expensive. Unfortunately, contradictory results can be found in the literature for certain systems [16] . With the ever-growing computational power and resource, molecular simulations have played an important role in materials modeling and subsequent technology development, which can provide valuable microscopic and mesoscopic insights into the phase morphology and the interfacial behaviors of the immiscible molecules [17, 18] . In this study, molecular dynamics (MD) and mesoscopic dynamics (MesoDyn) simulations have been performed on PAN/PVP polymer blends to investigate their miscibility/immiscibility and mesoscopic morphologies In general, well-aligned, one-dimensional nanostructures exhibit much more excellent properties compared to their disordered counterparts [19] . The aligned nanofibers have great promising application potential in the information technology field such as field-effect transistors (FETs) [20] , light-emitting diodes (LEDs) [21] , solar cells (SCs) [22] , highly sensitive sensors [23] , logic computations [24] , microcircuits [25] as well as in other application fields [12, 13] . It has been aware of that the aligned fibers may play an important role in tissue engineering, such as for repairing tendon and ligaments, blood vessel, and neural tissues, due to the similarity between the aligned topography of fibers in the natural extracellular matrix of these tissues and that of electrospun scaffolds [26, 27] . Researchers have demonstrated that stem cells grow along the long axes of aligned electrospun fibers.
Meanwhile, the existence of pores can increase surface area of nanofibers and promote cell adhesion as previously reported [28] . PAN has been prepared into aligned nanofibers [29] and porous nanofibers [30] . However, aligned PAN nanofibers with porous structures have not been reported yet.
The aim of this work was to investigate the binary blend compatibility of PAN and PVP using MD and MesoDyn simulation methods in order to provide theoretical support for experimental fabrication of the aligned PAN porous nanofibers. Sequentially, the aligned PAN porous nanofibers were successfully prepared by selectively removing PVP from the blend nanofibers using magneticfield-assisted electrospinning (MFAES) methods.
SIMULATION AND EXPERIMENTAL

Computer simulation strategies of the compatibility of PAN and PVP
Simulations of PAN and PVP were performed using Materials Studio 7.0. Twenty-seven repeating units for PAN and Twenty-six for PVP were selected to create the initial amorphous cell of polymer blend. The blend system was initially subjected to energy minimization. The MD simulation was then performed under the COMPASS force field for 1000 ps in the NPT ensemble and 500 ps in the NVT ensemble. The time step was 1 fs. The last 200 ps trajectories were used for data analysis. During the whole simulation process, the temperature and pressure were maintained using the Berendsen method. The snapshot of PAN/PVP blends with 80/20, 60/40, 50/50, 40/60 compositions are shown in Fig. 1 .
In order to illustrate the phase separation dynamics at the mesoscopic level, MesoDyn program was used. The principle and method of MesoDyn simulation were reported in our previous work [18] . The characteristic ratios of PAN and PVP were 7.326 and 9.900, respectively. The MesoDyn input parameters were taken from the above MD simulation results of PAN/PVP blends at different compositions. In accordance with experiment data, the degrees of polymerization of PAN and PVP have been chosen at 1698 and 270 and therefore, Nmeso [18] taken for PAN and PVP were 231 and 27, respectively. The bond length was 1.1543 nm, and the time step was 50 ns. In process of the entire simulation, the noise parameter was maintained at 75.002 to guarantee the system stability. The grid dimensions were chosen to be 32 × 32 × 32 nm and the size of the mesh over which density variations are to be plotted in MesoDyn length units using the Grid spacing field of 1 nm.
Experimental preparation of aligned PAN porous nanofibiers 2.2.1. Materials
PAN powder with a molecular mass of 90 000 and PVP powder with a molecular mass of 100 0000 were supplied by Spectrum China Co., Ltd, China and Shanghai WellTone Material Technology Co. The solvent used for dissolving PAN/PVP was N,N-dimethylformamide (DMF, Tianjin Fengchuan Chemical Reagent Science And Technology Co.). PAN/PVP/DMF solution of different mixing ratios was prepared in a glass reactor, using an overhead mixer with impeller. During stirring, the reactor was placed in a 40 °C water bath for 24 h. 
MFAES of PAN/PVP fibers
Preparation of aligned PAN porous fibers
The prepared hybrid fiber membranes were stuck on slides carefully and dried in a vacuum oven at 60 °C for 24 h. The resulting fibrous membranes were placed in 90 °C deionized water for at least 10 h to remove the PVP. The treated fibrous membranes were then dried in a vacuum at 40 °C for 24 h for further analysis.
Morphology observation
Scanning electron microscopy (SEM, Tescan MIRA 3LMH, Czech) was used to characterize the morphologies of the fibers.
RESULTS AND DISCUSSION
Flory-Huggins interaction parameter
The Flory-Huggins interaction parameter (χAB) was used to estimate the compatibility/incompatibility, which could be given by [18, 32] :
where Vm is the molar volume of the repeat. △Emix is the energy of mixing calculated as [18, 32] :
In the above equations, subscripts A, B and mix represent the CED values of PAN, PVP and their blends by considering the identity CED=Ecoh/V. Symbols A and B represent the volume fractions of PAN and PVP. With these two equations, the curve of Flory-Huggins interaction parameter versus weight of PVP was finally obtained (Fig. 3) .
Fig. 3. Flory-Huggins interaction parameter (χAB) vs. mass fraction of PVP
A positive value of the Flory-Huggins interaction parameter χAB indicates immiscibility for blends of high molecular weight polymers, but in general, the critical value of χC obeys by [33] :
where nA and nB represent the degree of polymerization of the pure polymers. If χAB of the blend is smaller than χc, the system is miscible, then the conclusion of compatibility could be safely obtained. If χAB is greater than the critical value, the blend exhibits partial miscibility. If χAB is considerably larger than the critical one, then the blends are incompatible which means they would form two separate phases. In this case, for all proportion compositions of PAN/PVP blends, the χAB are all above the critical value, indicating immiscibility of PAN and PVP blends.
Free energy density and order parameter
The MesoDyn program was also used to simulate the phase separation dynamics of the blends at the mesoscipic level. In MesoDyn simulations, it is important to realize the system stability before one gets accurate and reliable data. The free energy density should asymptotically approach a stable value after reaching dynamic equilibrium. The evolution of free energy could be used to evaluate the stability of a blend system. However, the free energy density is not routinely calculated for real systems. Hence, the direct comparison with experimental data is not possible [33] . Plots of free energy density versus time step given in Fig. 4 show that the system is stable after equilibrium being reached at later stages. The order parameter (Pi) was defined as the average volume of the difference between local density squared and the overall density squared, which is an important parameter to understand the miscibility/immiscibility aspects of polymer blends. Fig. 5 shows the plot of order parameters of PVP for different PAN/PVP blends. Generally, if the order parameter exceeds 0.1, the polymer blends can be considered to be immiscible. With the order parameter being calculated and compared to 0.1, the miscibility was proved. The order parameters with large values indicated strong phase segregation. Conversely, very small values indicated good miscibility of blends. For all proportion compositions of PAN/PVP blends considered, the order parameters were > 0.1, indicating immiscibility of blends. Different levels of phase separation phenomena were observed in PAN/PVP blends which were caused by repulsion between different polymer beads. From the foregoing result, it can be seen that PAN/PVP blends are immiscible at different mixture ratios. Hence, we can prepare PAN porous nanofibers by selectively removing PVP from the PAN/PVP blend nanofibers.
Mesoscopic morphology of PAN/PVP blends
MFAES aligned PAN/PVP fibers
The concentration of the solution as well as the applied voltage and distance between the charged electrode and the grounded target were adjusted in order to obtain aligned hybrid nanofibers. Fig. 7 displays SEM photographs of the electrospun composite nanofiber fabricated at different blend ratios.
We can see from Fig. 7 that all the PAN/PVP/DMF solutions at different blend ratios have good spinnability and they form smooth, free of beads, and uniform nanofibers. Meanwhile, it demonstrates that highly ordered hybrid nanofibers are able to be prepared by MFAES.
Aligned PAN porous fibers
After washing, all of the nanofiber samples with long and continuous cylindrical morphologies arrange regularly/perfectly as shown in Fig. 8 . It clearly shows that abundant nanopores of narrow elliptical shape are formed on the fiber surface. The surface porous structure can maintain the excellent mechanical properties of nanofibers. The density and size of nanopores, can be tuned by changing the spinning solution proportioning, increasing with the increase of PVP content. In addition to the morphology change of the fiber surface, the diameter of the electrospun fibers also decrease. In particular, the nanofibers still hold well orderly structure after washing. The present study clearly shows that the method shown here is not only simple but also effective to create the aligned porous nanofibers. 
CONCLUSIONS
The compatibility study of PAN/PVP by molecular dynamics and mesoscopic dynamics simulations shows the immiscibility of blends which provides theoretical support for a physical preparation of aligned PAN porous fibers obtained from PAN/PVP compound fibers. This study demonstrates the efficacy of combining the virtual simulation with experimental realization in the production of PAN fibers. Our method provides an effective way to prepare aligned porous nanofibers by MFAES, suitable for those polymers which can only dissolve in polar solvents with high boiling points. The PAN porous fibers with highly ordered structure as prepared in this paper may have substantial application potential which will require a further investigation in the future study.
